The hydrogen absorption and thermal desorption behavior of Ni-Ti superelastic alloy immersed in neutral NaCl and NaF aqueous solutions at 25
Introduction
Ni-Ti superelastic alloy is widely used in industrial and biomedical applications. [1] [2] [3] [4] However, the degradation of the mechanical properties and fracturing, that is, hydrogen embrittlement, may occur with continued use, because the alloy absorbs substantial amounts of hydrogen according to the environmental conditions. [5] [6] [7] [8] It is important to investigate the environmental conditions under which the alloy absorbs hydrogen for further improvement of the reliability.
In dentistry, the fracture of devices made of Ni-Ti superelastic alloy, including orthodontic wires, in the oral environment has been reported by several researchers, [9] [10] [11] [12] [13] although the relationship between hydrogen absorption and the cause of fracture has not necessarily been clarified. Dental devices are always used in the presence of chloride and/or fluoride. In acid NaF solutions, such as prophylactic agents, the alloy readily absorbs hydrogen, thereby causing hydrogen embrittlement. 5, 6) However, detailed data on the hydrogen absorption behavior in neutral NaCl and NaF solutions is limited. 6, 14) In solution environments, the electrochemical potentials of the alloy sometimes shift to a less noble direction. The electrochemical potential, i.e., amount of cathodic reaction, often enhances hydrogen absorption. For instance, the alloy absorbs hydrogen in neutral 0.9% NaCl solution under an applied potential below À0:9 V vs. a saturated calomel electrode (SCE) for 2 h. 14) The corrosion resistance of the alloy immersed in NaF solution is lower than that in NaCl solution. [15] [16] [17] [18] [19] Accordingly, the alloy immersed under cathodically applied potential in NaF solution, as compared with that in NaCl solution, seems to readily absorb hydrogen. In fact, the alloy absorbs hydrogen in neutral 2.0% NaF solution at 37 C without applied potential with a long immersion time (above 1000 h). 20) In contrast, the hydrogen absorption behavior should not be expected from only the electrochemical behavior. In the 0.9% NaCl solution, we recently indicated that the major part of the hydrogen absorption behavior of Ni-Ti superelastic alloy is explained by the electrochemical behavior, although the amount of absorbed hydrogen is hardly evaluated by only the electrochemical behavior. For titanium alloys, such as Ti6Al-4V alloy, however, the hydrogen absorption behavior is not necessarily consistent with the electrochemical behavior. 21, 22) In addition, the hydrogen absorption behavior of Ti-6Al-4V alloy strongly depends on the type of solution. In this case, the hydrogen absorption behavior appears to depend on the surface conditions, including the nature of surface oxide films on titanium alloys. 22) The oxide film on Ni-Ti superelastic alloy is mainly TiO 2 , similar to those on titanium and its alloys. Unless the hydrogen absorption behavior of Ni-Ti superelastic alloy is examined practically in each environment, the truth will be unknown.
The hydrogen thermal desorption behavior reflects the state of hydrogen in materials (e.g., diffusive hydrogen, hydride, hydrogen trapped in defects or hydrogen in solution). The hydrogen desorption behavior of Ni-Ti superelastic alloy is changed sensitively by the hydrogen absorbing conditions, including the type of solution. [5] [6] [7] [8] 20, 23) This indicates that the hydrogen states of the alloy appear to be changed readily by the hydrogen absorbing conditions. The hydrogen states play an important role in the hydrogen embrittlement behavior; however, information on the hydrogen desorption behavior of the alloy is still limited. The accumulation of data on the hydrogen desorption behavior of alloys that have absorbed hydrogen under various conditions will be useful for analysis of the hydrogen embrittlement mechanism in the future.
The purpose of the present study is to investigate, by hydrogen thermal desorption analysis (TDA), the hydrogen absorption and thermal desorption behavior of Ni-Ti supere-lastic alloy immersed in neutral NaCl and NaF solutions under applied cathodic potential. In this article, we also discuss the comparison of the hydrogen absorption behavior of Ni-Ti superelastic alloy with those of titanium and its alloys.
Experimental
For comparison, the present study was performed under the same experimental conditions as those reported in our previous article, 14) although the manufacturer's serial number of the specimens was different. A commercially available NiTi superelastic alloy (Ni: 55.8 mass%, Ti: balance) wire with a diameter of 0.50 mm was cut into specimens of 50 mm length. Hereafter, percent in this study means mass percent, unless otherwise stated. The surfaces of the specimens were polished with 600-grit SiC paper and ultrasonically cleaned in acetone for 5 min.
The neutral 0.9% or 3.5% NaCl and 0.2% or 2.0% NaF aqueous solutions at 25 AE 1 C without deaeration were used as the test solution. The concentrations of 0.2% and 2.0% NaF are similar to those used in toothpaste and prophylactic agents, respectively. Cathodic polarization curves were measured 3 times in 200 ml of the test solutions under an aerated condition. The counter electrode and reference electrode used were a platinum electrode and a saturated calomel electrode (SCE), respectively. The potential was scanned, after immersion for 10 min, from the corrosion potential to a less noble direction at a scanning rate of 20 mV/min. The immersion test (hydrogen charging) was performed under various constant applied potentials for 2 h in the test solutions under an aerated condition.
The amount of desorbed hydrogen was measured by TDA for the specimens subjected to the immersion test. TDA was performed in vacuum at 10 À6 Pa using a quadrupole mass spectrometer (ULVAC, Kanagawa, Japan). The measurement was started 30 min after the removal of the specimens from the test solutions. Sampling was conducted at 30 s intervals at a linear heating rate of 100 C/h up to 600 C. The amount of desorbed hydrogen was defined as the integrated peak intensity. The amount of hydrogen absorbed during the immersion test can be calculated by subtracting the amount of desorbed hydrogen from a nonimmersed specimen, that is, the predissolved hydrogen content (3 mass ppm) from the amount of desorbed hydrogen. The amount of absorbed hydrogen obtained in the present study was defined as the mean value over the entire specimen. In the case of charging at room temperature for 2 h, most of the absorbed hydrogen probably exists at the surface layer of the specimen. The hydrogen distribution and concentration have been described in our previous articles. 24, 25) Hydrides on the surface of the specimens were examined 60 min after the removal of the specimens from the test solutions, using an X-ray diffractometer operated at 40 kV and 20 mA with Co K radiation of wavelength ¼ 0:178897 nm in the 2 angle range from 10 to 100 .
Results
The representative cathodic polarization curves for the specimens immersed in the neutral NaCl and NaF solutions at 25 C under an aerated condition are shown in Figs. 1(a) and (b), respectively. The corrosion potential was located at approximately À0:3 V irrespective of the type or concentration of solution. Above À1:2 V, the cathodic reaction rate did not depend on the solution, whereas below À1:2 V, it increased with the concentration of solution. These polarization curves indicate that the hydrogen evolution reaction was predominant below À0:85 V irrespective of the solution. It appears that the hydrogen evolution is mainly a result of the direct reduction of water, although there is also the reduction of hydrogen ions. In noble potential ranges higher than the potential of hydrogen evolution, the reduction of dissolved oxygen was predominant, although slight hydrogen reduction reaction also occurred.
The variations in current density under various constant applied potentials in the NaCl and NaF solutions are shown as a function of immersion time in Figs the solution. Below À0:9 V, the current density exceeded 1 A/m 2 . The amounts of absorbed hydrogen of the specimens immersed in the NaCl and NaF solutions for 2 h are plotted as a function of applied potential in Figs. 3(a) and (b), respectively. The hydrogen absorption was observed with an applied potential of À0:9 V, and the amount of absorbed hydrogen was approximately 20-40 mass ppm irrespective of the type of solution. Thus, it is likely that the critical potential for hydrogen absorption is approximately À0:9 V, and fluoride does not shift the critical potential. The amount of absorbed hydrogen increased with decreasing applied potential. The amount of absorbed hydrogen only slightly depends on the concentration of solution above an applied potential of À1:2 V, although it increased with increasing concentration of solution below an applied potential of À1:2 V. The amounts of hydrogen absorbed upon immersion in NaF solutions were almost the same as or tended to be slightly greater than those in NaCl solutions. In the case of an applied potential of À1:2 V, the amounts of hydrogen absorbed in NaCl and NaF solutions were approximately 400 and 600 mass ppm, respectively.
Figures 4(a) to (d) show the hydrogen thermal desorption curves for the specimens immersed in the 0.9% or 3.5% NaCl and 0.2% or 2.0% NaF solutions under various constant applied potentials for 2 h, respectively. The curves of the specimens under an applied potential of À0:8 V were the same as that of the nonimmersed specimen. Hydrogen desorption was observed from room temperature to 400 C, irrespective of the solution, excluding one case of a small amount of desorbed hydrogen (e.g., under an applied potential of À0:9 V). The primary desorption peak was observed at approximately 300 C. The amount of hydrogen desorbed at low temperatures (room temperature to 200 C) increased with decreasing applied potential. As a result, a large peak appeared at 150
C under an applied potential of À1:5 V. Note that the hydrogen desorption behaviors of the specimens immersed in the NaF solutions were not necessarily the same as those of the NaCl solutions, even for similar amounts of absorbed hydrogen. For example, under the applied potential of À1:2 V in the NaF solutions, the hydrogen desorption peak at 150 C was larger than that at 300 C. In the NaCl solutions, particularly the 3.5% NaCl solution, the hydrogen desorption peak at 300 C was larger than that at 150 C. For the specimens immersed in NaF solutions, the amount of hydrogen desorbed at low temperatures tended to increase readily.
The typical X-ray diffraction (XRD) patterns from the surface of the specimens immersed in NaCl and NaF solutions under an applied potential of À1:2 V for 2 h are shown in Fig. 5 . The peaks of hydride, that is, TiNiH (tetragonal; a ¼ 0:6221 nm, c ¼ 1:2363 nm) 26, 27) were identified irrespective of the solution. Moreover, unknown peaks were often detected for the specimens immersed in NaCl and NaF solutions.
Discussion
One important finding in the present study is that the effects of applied cathodic potential on the hydrogen absorption behavior of Ni-Ti superelastic alloy immersed in the neutral NaF solution are almost the same as those in the case of neutral NaCl solution, contrary to our expectation. Moreover, under an applied potential above À1:2 V, the concentrations of NaCl and NaF solutions only slightly affect the hydrogen absorption behavior.
As shown in Fig. 1 , the cathodic polarization curves indicated that the amount of hydrogen evolution is almost the same for applied potentials above À1:2 V irrespective of the test solution. Hydrogen absorption occurred when the current density exceeded approximately 1 A/m 2 ( Fig. 2) , which is consistent with that reported previously. 14) In addition, the critical potential for hydrogen absorption was À0:9 V irrespective of the solution, as shown in Fig. 3 . In our Hydrogen Absorption and Thermal Desorption Behavior of Ni-Ti Superelastic Alloy Immersed in Neutral NaCl and NaF Solutionsprevious study, 14) the critical potential for the hydrogen absorption of Ni-Ti superelastic alloy in the neutral 0.9% NaCl solution at 25 C (À0:9 V) is almost the same as that at 37 C, although at 60 C, it very slightly shifts to a noble direction of À0:8 V. We have recently reported 14) that the major part of the hydrogen absorption behavior, except the amount of absorbed hydrogen, is explained by the electrochemical behavior in the neutral 0.9% NaCl solution, although the interpretation should not be simply applied to other environments. In neutral NaF solution, nonetheless, the major part of the hydrogen absorption behavior probably agrees with the electrochemical behavior.
For commercial pure titanium, although the critical potential for hydrogen absorption does not depend on the concentration of NaF solution, the amount of absorbed hydrogen increases with increasing concentration of NaF solution. 28) With immersion in the neutral 0.2% and 2.0% NaF solutions at 37 C for 24 h, the critical potential for the hydrogen absorption of commercial pure titanium was À1:2 V. 28) Similarly, the critical potentials for the hydrogen absorption of Ti-0.2Pd, Ti-6Al-4V and Ti-11.3Mo-6.6Zr-4.3Sn alloys were À1:5 V, À1:9 V and À1:4 V in the 2.0% NaF solution at 37 C for 24 h, respectively. 22) Thus, the susceptibility of applied potential to the hydrogen absorption of Ni-Ti superelastic alloy is probably higher than those of titanium and its alloys. Furthermore, for the same applied potential or same applied current density, the amount of absorbed hydrogen of Ni-Ti superelastic alloy is much larger than those of titanium and its alloys reported previously. 22, 28) For example, the amount of absorbed hydrogen of commercial pure titanium immersed in 2.0% NaF solution at 37 C under an applied potential of À1:2 V (current density of approximately 10-20 A/m 2 ) for 24 h is approximately 60-70 mass ppm. 28) Hence, when the same amount of hydrogen evolves on the surface of the specimen, the amount of hydrogen absorbed into Ni-Ti superelastic alloy is presumably larger than those absorbed into titanium and its alloys.
In the present study, the critical potential for hydrogen absorption was evaluated for a short immersion time (2 h). However, the critical potential probably shifts to a noble direction with long immersion time. In fact, upon immersion in neutral 2.0% NaF solution at 37 C without applied potential for longer than 1000 h, Ni-Ti superelastic alloy and commercial pure titanium absorb hydrogen, although Ti-6Al-4V and Ti-11.3Mo-6.6Zr-4.3Sn alloys do not. 20) In this case, the corrosion potential of Ni-Ti superelastic alloy and commercial pure titanium were approximately À0:4 and À0:6 V, respectively. For immersion in aerated sea water at 25 C for three months, for commercial pure titanium, the hydrogen absorption is observed under applied potentials of À0:7 to À0:75 V. 29, 30) On the other hand, the data on whether or not Ni-Ti superelastic alloy absorbs hydrogen in neutral NaCl solutions without applied potential for long immersion time is limited. Asaoka et al. 31) reported that hydrogen and/ or tritium absorption was observed for Ni-Ti shape memory alloy immersed in 10 ml physiological saline solution containing 1.85 GBq/ml tritium at 37 C for 2-7 months, although the distinction between absorbed hydrogen and tritium was not clear. With regard to long immersion time, the critical potential for hydrogen absorption should be investigated in the future.
In NaF solutions, it should be emphasized that the pH of the solution sensitively affects the hydrogen absorption of Ni-Ti superelastic alloy. In the 0.9% NaCl solution, 14) even for pH 2.0, no hydrogen absorption of the alloy occurs within 2 h without applied potential, although the critical potential for hydrogen absorption shifts to the noble direction of À0:4 V. In this case, the corrosion potential was À0:15 V; hence, it is likely that the possibility of hydrogen absorption is increased. On the other hand, in the 0.2% and 2.0% NaF solutions with pH controlled to 5.0 by adding phosphoric acid, that is, acidulated phosphate fluoride (APF) solution, the hydrogen absorption of the alloy occurs readily without applied potential even for short immersion time, as reported previously. 5, 6, 32) Accordingly, it seems that the possibility of the hydrogen absorption of the alloy exposed in the presence of fluoride is higher than that in the presence of chloride.
The hydrogen desorption behavior of Ni-Ti superelastic alloy depends sensitively on the hydrogen absorbing conditions.
5-8,20,23) As shown in Fig. 4 , the hydrogen desorption behaviors of the specimens immersed in NaF solutions were not always identical to those in NaCl solutions, although the concentration of solution only slightly affected the hydrogen desorption behavior. For the specimens immersed in NaF solutions, compared with those in NaCl solutions, the amount of hydrogen desorbed at low temperatures was large. The hydrogen desorbed at low temperatures is associated with the unstable state of hydrogen; 24) hence, it is particularly involved in the hydrogen embrittlement of Ni-Ti superelastic alloy. 25, 33) The hydrogen absorbed in NaF solutions, com- pared with those in NaCl solutions, may lead readily to the degradation of the mechanical properties of the alloy. In our previous studies, 24, 33) the hydrogen absorbing conditions sometimes affected hydride formation. Adachi et al. 34) also reported that another type of hydride is formed depending on the hydrogen charging conditions. In the present study, the hydride (TiNiH) was identified irrespective of the type of solution (Fig. 5) . However, unknown peaks were detected depending on the hydrogen absorbing conditions. Since these unknown peaks are sometimes detected depending on the hydrogen absorbing conditions, 6, 24, 33) other types of hydride might be formed. In addition, the effects of hydrogen absorbing conditions on the morphology or distribution of the hydride should be examined in the future, because for commercial pure titanium, the pH affects the morphology of titanium hydride. 35) The amount of absorbed hydrogen or the hydrogen thermal desorption behavior of the specimens immersed in 0.9% NaCl solution in the present study is not necessarily identical to those in our previous study, 14) although the critical potential for hydrogen absorption (À0:9 V) was almost the same. For example, as reported previously, 14) the amount of absorbed hydrogen of the specimen immersed in the neutral 0.9% NaCl solution at 25 C under an applied potential of À1:2 V for 2 h was approximately 200 mass ppm, whereas, it was approximately 400 mass ppm in the present study. One of the reasons for this is probably that the current density in the present study (Figs. 1 and 2 ) was slightly higher than that in the previous study 14) for the same applied potential. Under an applied potential of À1:2 V in the 0.9% NaCl solution, the current densities in the present and previous studies 14) were approximately 12-16 and 8-11 A/m 2 , respectively, although the cause of this difference in current density is unclear. The increase in current density probably results in an increase in the amount of hydrogen evolved, thereby increasing the amount of absorbed hydrogen. However, this difference in current density seems to be small. Thus, it is unlikely that the increase in the amount of absorbed hydrogen is caused by only the increase in current density. Additionally, the hydrogen desorption peak at approximately 150 C (Fig. 4 ) was rarely observed in our previous study. 14) These findings suggest that metallurgical factors, such as microstructure, affect the amount of absorbed hydrogen and the hydrogen desorption behavior. Although commercially available specimens were used in the present study, the manufacturer's serial number was different from that in our previous study. 14) It appears that the slight difference in the manufacturing process, including the heat treatment temperature, leads to the difference in metallurgical factors. We demonstrated that the hydrogen absorption and the desorption behavior of Ni-Ti superelastic alloy are influenced by the heat treatment. 36) TalGutelmacher and Eliezer 37) also reported that the amount of absorbed hydrogen and the hydrogen desorption behavior of Ti-6Al-4V alloy depend on its microstructure. The effects of metallurgical factors on the amount of absorbed hydrogen and the hydrogen desorption behavior of Ni-Ti superelastic alloy should be investigated in the future.
Conclusions
We have demonstrated that the effects of the applied cathodic potential on the hydrogen absorption behavior of Ni-Ti superelastic alloy immersed in a neutral NaCl solution are almost the same as those in the case of a neutral NaF solution. Under a less noble applied potential of À1:2 V, the concentration of solution affects the amount of absorbed hydrogen. The hydrogen thermal desorption behavior of the alloy immersed in the NaCl solutions is not necessarily identical to those in the NaF solutions, suggesting that the hydrogen states depend on the type of solution. The susceptibility to the hydrogen absorption for Ni-Ti superelastic alloy is higher than those of titanium and its alloys in the neutral NaCl and NaF solutions. 
